Introduction

The generalized additive model (Hastie & Tibshirani 1990) was developed by
statisticians nearly a decade ago, but its application in biological fields has oc-
curred only in the last couple of years. Here we demonstrate its use in assess-
ing the response of a sensitive biological attribute (carbon gain) to cumulative
O, exposure or uptake. We chose carbon gain (gross photosynthesis) as the
biological response attribute because it responds within a growing season to
the stressors of interest (O,, drought), and because it is linkable to total tree
biomass via other models. However, a number of other biological response
attributes could also be used (foliar injury as a single variable or in an index,
tree biomass, wood production, etc). We used ponderosa pine because it is the
most sensitive western US conifer to oxidant air pollution (Miller et al. 1983).

Ozone exposure indices for plants are based on the active growing season,
hourly O, concentrations equal to or greater than a specified level, over a spec-
ified time (Stockton et al. 1997). Most exposure indices accumulate exposure
over the entire growing season to correlate with biological responses. How-
ever, western forests commonly have a period of summer drought where sto-
matal conductance to water and O, is limited. Even in years with above-ave-
rage precipitation with little change in predawn xylem potential, stomatal con-
ductance declines after mid July when upper soil horizons dry. Because the
statistical model can evaluate the effect of a single environmental stressor
within the context of multiple stressors, we also evaluated whether drought
stress was protective of, or deleterious to, carbon gain with accumulating O,
exposure or uptake.

Using the general additive model, we assessed (1) at what value did cumu-
lative O, exposure become deleterious to carbon gain at different sites; (2)
whether cumulative O, exposure or uptake is a better metric for carbon gain;
and (3) simultaneously tested the effect of the O, metric and drought stress in
reducing carbon gain.

Approach

Seasonal gas exchange (net assimilation, dark respiration, stomatal conduc-
tance) was measured for twelve, statistically average 40-yr-old ponderosa
pine trees in natural stands at each of four sites differing in pollutant expo-
sure (and other factors) in three summers. O, concentration was measured
on an hourly basis at each site, as well as other site microenvironmental fac-
tors. Because only 15% of the days during the growing season were foggy or
cloudy, the model was very simple. The data from 1995 was used to develop
first a model to predict stomatal conductance, and thus calculate O, uptake
(Grulke et al. 2002a). The ability of the model to predict the measured gas
exchange in a particular hour, on a particular day was tested in an average
precipitation year (1993) and a 20% below-average precipitation year (1994):
there was an excellent correlation. Another model was developed to then de-
scribe the seasonal changes in maxi-mum daily carbon uptake (net assimi-
lation plus dark respiration losses at the same leaf temperature, or gross pho-
tosynthesis) (Grulke et al. 2002b) in response to the O, metric (cumulative
exposure or calculated uptake) and drought stress (as determined from pre-
dawn xylem potential). Because the data was taken on monthly time steps,
we used a locally weighted polynomial smoothing routine (Cleveland and
Devlin 1988) to estimate the functional relationship of O, metric simultan-
eously with the other terms in the model. The data suggest the shape of the
relationship between the explanatory variables and the response of interest.
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Ponderosa pine response
to seasonal drought stress
is very predictable and so
are the seasonal trends in
photosynthesis.

It is the most sensitive
conifer in U.S. to O5: a
good species to model
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Conclusions

(1)Cumulative O; exposure was deleterious to CO, uptake at 180 ppm h at moderately high and high
pollution sites, at 160 ppm h at a moderate pollution site, and at 90 ppm h at a relatively clean site.
Cross-site comparisons can be made because the response line (CO, uptake to cumulative O,
exposure) is relative to the population average CO, uptake rate at that site.

(2)Cumulative O; uptake appeared to be slightly better than cumulative O; exposure in distinguishing

differences in carbon gain between sites.

(3)Late summer drought stress further reduced CO, uptake at only one site. The effect of drought stress

was deleterious, not protective.
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